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Abstract: We report an angle-selective optical filter (ASOF) for highly sensitive reflection
photoplethysmography (PPG) sensors. The ASOF features slanted aluminum (Al)
micromirror arrays embedded in transparent polymer resin, which effectively block scattered
light under human tissue. The device microfabrication was done by using geometry-guided
resist reflow of polymer micropatterns, polydimethylsiloxane replica molding, and oblique
angle deposition of thin Al film. The angular transmittance through the ASOF is precisely
controlled by the angle of micromirrors. For the mirror angle of 30 degrees, the ASOF
accepts an incident light between - 90 to + 50 degrees and the maximum transmittance at - 55
degrees. The ASOF exhibits the substantial reduction of both the in-band noise of PPG
signals over a factor of two and the low-frequency noise by three times. Consequently, this
filter allows distinguishing the diastolic peak that allows miscellaneous parameters with
diverse vascular information. This optical filter provides a new opportunity for highly
sensitive PPG monitoring or miscellaneous optical tomography.
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1. Introduction

Optical photoplethysmography (PPG) exhibits human vascular activity in a non-invasive and
compact manner [1,2]. Reflection light from PPG sensors informs the pulsatile component of
blood flow, directly related to the volume change of blood vessels. For instance, the blood
volume increases in systolic phase and therefore the reflection decreases due to light
absorption and vice versa in diastolic phase. PPG signals indicate two peaks of systolic and
diastolic blood pressure signals for one single cycle and they give additional information for
diverse vascular activities [3] such as the vessel elasticity [4], the stroke volume [5-8], the
artery stiffness [9], the heart rate [10], and the capillary resistance [11]. However, the
diastolic peaks become readily distorted due to the low signal-to-noise ratio (SNR) of
reflection PPG sensors [12], which results from highly scattered light in turbid human tissue.
The signal distortion still distracts the precise monitoring of diverse vascular activities except
the heart rate of cardiac cycles, which is indicated by the pulse intervals in the reflection PPG
monitoring.

Conventional noise reduction of reflection PPG signals can be achieved by either
increasing the number of optoelectronic modules or employing the signal processing
techniques. For instance, both two green and red light emitting diodes (LEDs) simultaneously
provide different spectral signals to reduce low frequency motion artifacts [13]. In addition,
MEMS accelerometers can be further implemented on PPG sensors to reduce the noise due to
the motion artifact [14]. However, they still have some technical difficulties in either
minimizing electrical power consumption or improving mechanical stability. In contrast, the
signal processing methods utilize either the synthetic noise or the frequency domain analysis.
The synthetic noise reference signals serve as an adaptive filtering process, where they are
internally generated from the noise corrupted PPG signals and effectively utilized for the
noise removal [15]. In addition, the frequency domain analysis cut off the noise signals over
the 3rd fundamental frequency [16]. However, these methods increase the computational
complexity and still hinder real-time monitoring.

Here we report an angle-selective optical filter (ASOF) for highly sensitive reflection
PPG signal monitoring. The ASOF features slanted micromirror arrays embedded in
transparent ultraviolet curable polymer resin on a glass substrate. LED light scattered within
human tissue forms ‘banana shape’ as illustrated in Fig. 1(a) [17]. Ballistic or snake photons
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of reflection PPG signals follow the Snell’s law and they inform human vascular activities
whereas diffused photons lose the directionality due to the Mie scattering by the turbid tissue
medium and therefore they act as the noise signals. The ASOF exhibits the controlled angular
acceptance for backscattered LED light within human tissue following the Snell's law and
thus reduces both the non-directional and the undesired noise signals prior to a photodetector.
The optical transmittance can be set to half the maximum at normal incidence by precisely
controlling the angle of micromirrors. As a result, the PPG signals of directional photons are
efficiently collected within this acceptance angle by effectively blocking the noise with the
ASOF.
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Fig. 1. Angle-selective optical filter (ASOF) for highly sensitive PPG sensors. (a) A schematic
diagram of “banana” light shape under the human tissue. The red arrow is the light path
followed by the Snell’s law which has a PPG signal. The green arrow is the highly scattered
light losing their directionality. The incident angle of light is distributed from 0 degree to
LED’s emitting angle. The incident light except these angle act as the noise of the PPG
signals, which has low intensity and less information for vascular activity. (b) The cross-
section of ASOF to calculate the transmittance, i.e., a ratio between the incident light and
transmitted light area. The sum of / and Li is the incident light area and 2/ is a transmitted
light area. (c) The transmittance according to the filter angle when the incident angle of light
is 0 degree. According to this result, the transmittance is set to half the maximum for the filter
angle of 30 degrees. (d) Transmittance for the filter angle of 30 degrees depending on the
incident angle. Both the theoretical and calculated results are in good agreement.
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2. Design and fabrication

Optical transmittance through the ASOF, i.e., a ratio between the incident and the transmitted
light intensity, can be derived by using two dimensional ray analysis. Figure 1(b) depicts the
cross-sectional view of ASOF. The aluminum (Al) of 500 nm in thickness and UV curable
resin are chosen as reflecting and sustaining material for ASOF considering the high
reflectivity and the practical fabrication procedures, respectively. The incident light intensity
can be expressed as the length from the edge of the Al mirror to the point where the refracted
light of the neighboring Al mirror reaches. The transmitted light intensity can also be
represented by twice the length between the point where the refracted light of the
neighboring Al mirror reaches and the point perpendicular to the edge of the adjacent Al
mirror. The transmittance equation is given by

0, <0
T= 2—ZF, 0<i<L, (1)
L +!
F, L <]

where, [ = L-sin 0, ‘tan O, L; = L-cos 0 Op = Hf—sin_l[(nl-sin 0; y)], O,1is filter angle, 0, is
incident angle, and F is the transmittance using the Fresnel reflection as follows:
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From Eq. (1) and Eq. (2), the range of ASOF’s acceptance angle can simply be designed
by controlling the angle of slanted micromirrors embedded in ASOF. Here, the target filter
angle is set to 30 degrees to have half the maximum transmittance at the normal incidence of
light calculated from the numerical analysis described in Fig. 1(c). It was assumed in this
calculation that the maximum reflectance of the Al mirror is one and the diffraction at the
edge of the mirror was ignored as well. The equation is also confirmed by comparing with
the numerical results in Fig. 1(d), where the simulated filter angle (6 is 30° and the slanted
microstructures are 10 pm in height (H) and 17 pum in length (L) in Fig. 1(b), respectively.
Note that the length (L) and the height (H) of slanted Al mirror are controlled to have an
appropriate mirror angle, irrelevant to the angular transmittance.

The microfabrication of ASOF was done by using resist reflowing and thermal
evaporation as illustrated in Fig. 2(a). The slanted microstructures were simply defined by
using the guided-resist reflowing method [18]. SU-8 (MicroChem) and AZ9260 (AZ
Electronic Materials) served as thermoset and thermoplastic photoresist (PR). First, SU-8
was photolithographically defined as micropost structures on a 4-inch silicon (Si) wafer,
where a thin SU-8 base layer served as an adhesion layer between SU-8 and the bare silicon.
Next, AZ9260 was defined on the predefined SU-8 microstructures. Both the microstructures
were thermally annealed, where AZ9260 microstructures steadily reflowed along the
geometric boundaries of SU-8 microstructures. The slanted microstructures were transferred
to polydimethylsiloxane (PDMS) and then replicated to an UV curable optical adhesive resin
(NOA 63, Norland Products Inc.) on a glass substrate. The optical resin replica was thermally
deposited with a thin Al layer, which served as micromirror arrays. UV curable resin as an
index matching spacer was refilled, pressurized, and cured in the interstitial spacing between
the slanted microstructures and the glass substrate. Figure 2(b) and 2(c) show the scanning
electron microscope (SEM) images of slanted microstructures on a silicon wafer. Figure 2(d)
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also displays that thin Al micromirrors are clearly formed on the inclined surface of slanted
microstructures. Note that the side walls of the slanted microstructures are not covered with
thin Al film due to a slight negative angle of the SU-8 microposts and therefore they allow
light transmission near the filter angle after the embedment of micromirrors with additional
UV resin.
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Fig. 2. (a) Microfabrication procedure of the ASOF. SU-8 line patterns as a thermoset post
were initially patterned on a Si wafer. The slanted microstructures with a target filter angle
were then formed on the Si wafer by using the geometry-guided resist reflow method. The
microstructures were transferred onto UV curable resin on a cover glass by using the PDMS
replica and then A 500nm thick Al film was thermally evaporated on the replicated slanted
microstructures. The slanted micromirrors were finally embedded in UV resin. (b) The
perspective and (c) cross-sectional SEM images of slanted microstructures. The slanted
microstructures are 10 pm in height and 17 um in length and therefore they provide the filter
angle of 30 degrees after the Al evaporation. (d) A perspective SEM image of the Al
micromirror after focused ion-beam cut. Note that the side walls of the micromirrors are not
covered with thin Al film and therefore still transparent after the embedment of micromirrors
with additional UV resin.

3. Angle-selective optical filter (ASOF) based PPG sensor

The ASOF can effectively accept ballistic and snake photons scattered from human tissue.
The angle-selectivity was measured by using a rotatable integrating sphere as illustrated in
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Fig. 3(a). A 533 nm laser beam was injected onto the ASOF after a 3 mm pinhole, which was
placed on the entrance hole of an integrating sphere.
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Fig. 3. (a) Light transmittance through the ASOF depending on an incident angle of 533 nm
laser beam. The angular transmittance was measured with an integrating sphere rotating with
respect to the ASOF. The experiment results are in good agreement with the calculated and
theoretical results. However, the transmittance of ASOF shows a significant difference more
than an incident angle of 50 degrees due to the optical diffraction from the Al micromirror
arrays. (b) A transmitted image captured via ASOF rotating in front of “KAIST” text printed
on white paper (see Visualization 1). (¢) A schematic diagram of ASOF based PPG sensor.
The ASOF on the PD was simply replaced with a glass window for the comparison between
PPG sensors with and without the ASOF. (d) An optical image of a fully packaged PPG
sensor consisting of PD, LED, RP and PCB.

The incident angle was precisely controlled by simultaneously rotating both the ASOF
and the integrating sphere. The transmittance of the ASOF was numerically calculated by
using BRO (Breault Research Organization) BIOToolkit for ray-tracing based optical
simulation software ASAP (Advanced System Analysis Program, BRO), depending on an
incident angle of light. Human tissue was modeled as a volume scatter that has the absorption
coefficient, the scattering coefficient, and the anisotropy factor. For this tissue model, the
stratum corneum was 7.5 um, the epidermis was 43 pm, the upper dermis was 0.25 mm, the
lower dermis was 2.25 mm, and the hypodermis was 3 mm in thickness. In this calculation,
the pulsatile component of PPG signals was considered as the variation of the blood volume
fraction (BVF) of the upper dermis, varying from 0.02% to 5%. The peak-to-peak values of
PPG signals were defined as the intensity difference between the 0.02% and 5% of BVF and
the DC noise was also defined by the average of the peak-to-peak values of PPG signals.
Figure 3(a) successfully demonstrates the ASOF accepts the scattered light from - 90 to 50
degrees with cutoff angles at near 0 and —80 degrees. The experiment results are well
matched with both the theoretical and the numerical results. Due to the light diffraction
occurring at the interstitial spacing between the micromirror arrays, both the results show the
transmittance is not zero but still low over an incident angle of 50 degrees. Figure 3(b) shows
the transmitted optical images through the ASOF rotating prior to ‘KAIST’ text printed on a
white paper, where the image brightness clearly depends on the incident angle. Figure 3(c)
shows the schematic illustration of a ASOF based PPG sensor. The gap between photodiode
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and LED was set to 1.3 mm, considering the relationship that the gap is roughly twice of the
penetration depth of light in the reflection geometry [19]. For this particular case, the
penetration depth was around 300 pum to detect the pulsatile component of human tissue. The
target penetration depth was set to 650 pm by considering the irregular thickness of the
dermis layer on the measurement site. Figure 3(d) shows the fully assembled PPG sensor,
which consists of a photodiode, a 535 nm LED, a printed circuit board (PCB), and a plastic
housing part manufactured by a 3D rapid prototyping (RP) printer. The RP was then painted
in black to reduce unwanted reflection inside the package.
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Fig. 4. (a) PPG signals after passing a bandpass filter of 0.5 Hz to 4 Hz. ASOF has little effect
on the peak-to-peak value of the PPG signals. (b) Comparison of the experimental and the
numerical results for peak-to-peak signals and DC noise of PPG signals. In both cases, ASOF
clearly reduces DC noise by more than three times. (c) Ensemble averaged PPG signals.
ASOF clearly indicates the diastolic peaks of PPG signals. The variation of the PPG signals,
indicated by the error signals, indicates the in-band noise of the PPG signals, i.e. the sum of
error signals. (d) In-band noise of PPG signals. ASOF reduces the in-band noise by twice. (e)
Signal-to-noise ratio (SNR), defined as ratio of the power spectral density (PSD) of PPG
signal and PSD of the noise in raw data. PSDgjgna is the PSD of the PPG signal, and PSD of
noise such as PSDyjgn and PSDy,,, are the PSD of the higher and lower frequency noise than
PPG signal, respectively. The SNR of the PPG signal is defined as the ratio between PSDg;gnal
and the PSD of the noise, such as PSDyjgn and PSDyy. According to this definition, ASOF
improves SNR more than three times.

The PPG signals were measured by using LabVIEW and National Instrument USB-6009
data acquisition device. The sampling frequency was 200 Hz and the data acquisition time
was 10 sec. The LED (LXZ1-PMO01, LUMILEDS) and PD photodetector (ISL29101, Intersil)
were applied at 3 Vpc and 2.5 Vp, respectively. The PPG signals were measured on the
forearm and analyzed by using MATLAB. The PPG signals were distributed in the frequency
range of 0.5 Hz to 4 Hz whereas the high frequency noise ranges from 4 Hz to 100 Hz and
the low frequency noise from 0 Hz to 0.5 Hz. The in-band noise of PPG signals was
calculated by taking the sum of the standard deviation for PPG signals of 500 waveforms on
each cases. Figure 4(a) displays the measured bandpass PPG signals for 0.5 Hz to 4 Hz from
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both the PPG sensors [20]. The measured peak-to-peak PPG signals are hardly affected by
the ASOF and they are well matched with the calculated results based on a ray-tracing
software ASAP, where the pulsatile components of PPG signals were considered as the
variation in blood volume fraction (BVF) of upper dermis [21]. The calculated results also
show the DC noise and the peak-to-peak values of PPG signals, where the DC noise is
defined as an average of the peak-to-peak values and the peak-to-peak values were obtained
as the BVF varies from 0.2% to 5% [22]. As shown in Fig. 4(b), both the results clearly
indicate the DC noise for PPG sensor with the ASOF is three times smaller than that without
the ASOF. The PPG signals through the ASOF were further analyzed by using the ensemble
averaging technique. The ensemble average was calculated by finding the systolic peak,
extracting a 0.8 sec long waveform around the systolic peak, summing the waveforms, and
averaging. Figure 4(c) shows the ensemble averaged PPG signals of 60 samples for 10
seconds for each case. The ASOF clearly indicates the diastolic peak due to the reduction of
the in-band noise overlapping the signal bandwidth. The calculation of the in-band noise uses
the standard deviation (STD) of the PPG signals, which represent the signal variation. In
addition, the sum of the STDs is the quantitative total in-band noise of PPG signals. Figure
4(d) shows that the total in-band noise with ASOF is two times smaller than that without
ASOF. Figure 4(e) shows the result of calculating the power spectral density (PSD) ratio for
the bandwidth of the raw data. PSDy,, and PSDy;g, are PSDs with bandwidths higher or
lower than PPG signals, respectively, and PSDgjgya is the PSD of PPG signals. The SNR is
defined as the ratio between PSDgjgna, i.€., and the PSD of the noise such as PSDy;g, and
PSDy,y. In other words, SNRy oy is PSDgigna/PSDiow and SNRygn is PSDsigna/PSDyigh and
SNR1ota1 1S PSDgignat/(PSDyow + PSDyign). The experimental results clearly show that the PPG
sensor with ASOF has the SNR_,, and SNRry, three times higher than that without ASOF
due to the reduction of the low-frequency noise of the raw data.

4. Conclusions

In summary, this work has successfully demonstrated the angle-selective optical filter for
highly sensitive reflection PPG sensors. The ASOF selectively transmit or block the light,
depending on an incident angle of light. The optical filter was designed by using the ray-
tracing analysis and then successfully fabricated through microfabrication procedures. The
experimental results clearly show that optical transmittance through the ASOF changes with
the filter angle, which was determined by the inclined angle of Al micromirror arrays.
Besides, the ASOF also significantly reduces the in-band noise and low frequency noise of
PPG signals. Compared to conventional PPG sensors, the ASOF based PPG sensor safely
preserves the waveform of PPG signals due to the efficient reduction of low frequency noise,
which occurs at the smaller angles than the reflection angle. As a result, the diastolic peaks
clearly appear in the PPG signals with the ASOF. This new optical filter offers a new
opportunity for highly sensitive PPG monitoring or diffuse optical imaging on turbid medium
such as human tissue.
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